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Treatment of the common life-shortening inherited disease cystic fibrosis (CF) is witnessing a revolution. Up until 2012, therapies were directed exclusively against disease symptoms. These included time-consuming chest physiotherapy and small mountain of drugs to clear mucus obstructed air passageways, fight lung infections, dampen inflammatory responses and replace missing pancreatic enzymes. Together with specialised patient care in CF centres, improvements in symptomatic therapy increased average life expectancy from ~10 years in the 1960s to ~40 years in 2010 in North America and Western Europe.
In 2012, ivacaftor (Kalydeco TM ; VX-770; Vertex Pharmaceuticals), the first drug therapy to target the root cause of CF, mutant cystic fibrosis transmembrane conductance regulator (CFTR) was approved by the US Food and Drug Administration (FDA) and the European Medicines Agency (EMA) for patients carrying the mutation G551D-CFTR. The clinical impact of ivacaftor was simply astonishing: forced expiratory volume in one second (FEV1), a blunt measure of lung function, increased by 10% after just 2 weeks in adult patients many with irreversibly damaged lungs; the frequency of hospitalisation for treatment of lung infections, a measure of disease stability, improved by 55%; individuals treated with the drug gained weight (>2.5 kg over 48 weeks) and sweat chloride levels decreased by almost 50 mmol/l, improvements unheard of in previous clinical trials of new therapies for CF. Use of ivacaftor was soon extended to nine other CF mutations, representing ~6% of all individuals living with CF worldwide. This year, use of ivacaftor has been extended to a further 28 mutations, bringing the total to 38 (https://www.cff.org/News/NewsArchive/2017/FDA-Approves-Ivacaftor-for-Five-Splice-Mutations/). For two reasons, the latest extension of ivacaftor's use is highly significant. First, five of the mutations listed cause splicing defects, which reduce the amount of CFTR protein delivered to the plasma membrane. Second, laboratory data played a pivotal role in expanding the use of ivacaftor to some rare CF mutations. The willingness of the FDA to consider laboratory data is to be applauded. It raises the exciting possibility that laboratory data might be further employed to expand the clinical utility of ivacaftor and other innovative new therapies for CF. There then follows three reviews on ivacaftor, lumacaftor and combination therapy for F508del-CFTR with correctors and potentiators. These reviews introduce the molecular defects in CFTR targeted by potentiators and correctors, discuss their mechanism of action and highlight the wide spectrum of CF mutations that might benefit from these small molecules.
Jih, Lin, Sohma and Hwang review proof-of-concept studies using ATP analogues and early studies of potentiators identified by hypothesis-led studies prior to the implementation of high-throughput screening to discover efficacious CFTR modulators.
Using a sophisticated gating model, the authors explain how ivacaftor potentiates both ATP- The next two reviews address two distinct mutation-independent therapeutic strategies both with long histories in CF research. CFTR bypass therapy utilises other pathways for anion transport to restore transepithelial ion transport to CF epithelia, while gene therapy aims to replace or repair the faulty CFTR gene in CF epithelial cells. Both strategies predominantly target CF lung disease, unlike orally-bioavailable small molecules, which target all affected tissues.
Li, Salomon, Sheppard, Mall and Galietta compare and contrast the localisation, biophysical properties and regulation of the anion channels TMEM16A and SLC26A9 with those of CFTR. Because activation of TMEM16A is transient, the authors explain that longacting small molecules that directly target TMEM16A are required for bypass therapy. By contrast, the constitutive activity of SLC26A9 makes it a promising target for CFTR bypass therapy. However, co-expression of SLC26A9 with CFTR argues that SLC26A9 potentiators have greatest utility with CF mutants present at the plasma membrane. The authors also introduce an alternative approach to CFTR bypass therapy, self-assembled anion channels and artificial anion transporters developed by supramolecular chemists. They highlight proof-of-concept studies which explore the feasibility of bypassing CFTR dysfunction with artificial anion channels and transporters and consider the challenges that must be overcome to develop these agents as therapeutics for CF. Given the current lack of effective therapies for COPD, these data suggest that ivacaftor and other CFTR modulators have significant therapeutic potential for COPD.
Hart and Harrison
Although the ten reviews provide an excellent overview of work to develop transformational new therapies, some topics have not received the attention they deserve.
First, studies of correctors have focused only on pharmacological chaperones that interact directly with misfolded CFTR. An alternative approach is proteostasis regulators, which target one or more of the many CFTR-interacting proteins that orchestrate and control the biosynthesis of CFTR, its delivery to, and expression at the apical membrane (for review, see Balch WE et al. Science. 2008; 319:916-9; Amaral MD, Farinha CM. Curr Pharm Des. 2013; 19:3497-508) . Second, a small number of small molecules have been identified with both corrector and potentiator activity, termed corrector-potentiators or dual-acting small molecules (Pedemonte N et al. J Biol Chem. 2011; 286:15215-26; Phuan PW et al. Mol Pharmacol. 2011; 80:683-93) . This interesting class of small molecules deserves further investigation, but it is currently unclear whether therapeutically-active dual-acting small molecules will be developed. Finally, advances in stem cell research, with the potential to generate patient-specific epithelial tissues from induced pluripotent stem cells (iPSCs) presents future opportunities for therapy development. Robust protocols for tissue-specific differentiation of patient-derived iPSCs are advancing to the stage where it will soon be feasible to profile a panel of existing and emerging CFTR modulators simultaneously for all affected tissues in an individual to enable precision medicine (Ahmadi S et al. NPJ Genom Med. 2017; 2:12) . The exciting, longer term goal of tissue or organ replacement with patientspecific cells in which the CFTR mutation is corrected, is being actively pursued by multiple laboratories.
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